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ABSTRACT

A direct numerical simulation of the interaction between a shock wave and the supersonic turbulent boundary layer in a
compression–decompression corner with a fixed 24� deflection angle at Mach 2.9 is conducted. The characteristics of the shock interactions
are investigated for two heights between the compression and decompression corners, corresponding to H=dref ¼ 4:25; 1:22, where dref
denotes the reference turbulent boundary layer thickness. A classic shock wave/turbulent boundary layer interaction flow is reproduced in
the higher case. For the lower case, the size of the separation region is significantly decreased, and the low-frequency unsteadiness is slightly
suppressed in the interaction region, as assessed by analyzing the mean and fluctuating wall pressure. Flow patterns near the reattachment
line show the existence of the G€ortler vortices. By analyzing the curvature radius and G€ortler number distribution, it was found that a strong
centrifuge instability is reserved in the compression corner region and reversed in the decompression corner region due to the convex
streamline curvature. The downstream flow of the decompression corner is relatively complex where the additional shocklet and new stream-
wise vortices are observed. A negative response mechanism is found regarding fluctuating wall-pressure signatures between the upstream
and downstream of the decompression corner.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052453

I. INTRODUCTION

The problem of shock wave/turbulent boundary layer interac-
tions (STBLIs) is frequently faced by high-speed aircraft, and it has a
serious impact on aircraft layout and aerothermodynamic protection.
The phenomena in interaction flows are very rich, including the
unsteady motion of the shock system, the separation and reattachment
of the turbulent boundary layer (TBL), and the breathing motion of
the separation bubble. Ferri1 first observed STBLIs when testing an air-
foil in a high-speed wind tunnel. Great progress on this problem has
been made through more than 70 years of exploration.2,3 However, the
current understanding of the complex flow mechanisms of low-
frequency oscillations of shock waves and high heat flux in the
reattachment region is insufficient, and in-depth study should be con-
ducted.4 A proper understanding of STBLIs will help develop the
advanced hypersonic vehicles and provide a theoretical basis for engi-
neering applications in aerospace contexts.

Besides the STBLI flows for extensively studied compression ramps,
the supersonic turbulent flow over a compression–decompression corner
(CC–DC) has also been observed frequently in high-speed aircraft, such
as engine inlet, fore-body, and combustion chamber.5 As shown in
Fig. 1, the incoming TBL is disturbed by the interactions with the shock
waves, expansion waves, and their combined effects. In the compression
corner region, the TBL is decelerated and compressed under the strong
adverse pressure gradient (APG), and the turbulence amplification
occurs. In contrast, a supersonic turbulent boundary layer subjected to
an expansion corner can undergo an acceleration and re-laminarization
process.6,7 The combined effects of turbulent amplification and
re-laminarization in STBLI flows are still not fully understand, and the
associated physical mechanisms need to be further investigated.

Grilli et al.8 performed the first large eddy simulation (LES) study
of the whole compression–decompression corner configuration with a
deflection angle 25� at Mach 2.88, corresponding to experimental data

Phys. Fluids 33, 065111 (2021); doi: 10.1063/5.0052453 33, 065111-1

Published under an exclusive license by AIP Publishing

Physics of Fluids ARTICLE scitation.org/journal/phf

https://doi.org/10.1063/5.0052453
https://doi.org/10.1063/5.0052453
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0052453
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0052453&domain=pdf&date_stamp=2021-06-07
https://orcid.org/0000-0002-1484-033X
https://orcid.org/0000-0001-9703-0318
https://orcid.org/0000-0002-4264-9620
https://orcid.org/0000-0003-4935-7994
mailto:hliu@imech.ac.cn
https://doi.org/10.1063/5.0052453
https://scitation.org/journal/phf


of Zheltovodov.9 Their LES research reproduced kinds of typical
experimental flow phenomena of STBLI, such as G€ortler vortices and
the unsteady nature of interaction region. Additional LES studies were
carried out by Goshtasbi and Mousavi10 in the same condition regard-
ing geometry, boundary conditions, etc., as those used by
Zheltovodov.9 In their work, the influence of wall temperature, free-
stream stagnation pressure, and Reynolds number on the shock behav-
ior was investigated.

Over the past two decades, due to the rapid development of high-
resolution and low-dissipation numerical algorithms and computation
speed, the direct numerical simulation (DNS) method has been suc-
cessfully applied to study STBLI flows and has gradually become an
important tool in the flow mechanism investigations.11–17 The first
DNS study of compression ramp flow and oblique shock-wave/flat-
plate boundary layer interaction flow were carried out by Admas11

and Pirozzoli and Grasso,12 respectively. Wu and Martin13 also per-
formed DNS studies on compression ramp flows with the incoming
conditions similar to that of the wind tunnel experiments conducted
by Bookey et al.,18 where the agreement between numerical and exper-
imental results has been achieved in terms of mean wall-pressure dis-
tribution, separation bubble length, and turbulent fluctuation
amplification intensity. Meanwhile, the flow mechanism investigation
was greatly promoted based on the high-fidelity DNS data. The shock
wave low-frequency oscillation mechanism was analyzed by Martin’s
research group;15,19–21 a new turbulence amplification mechanism was
proposed by Fang et al.;17 and turbulent kinetic energy transport
mechanism was studied by Li et al.,14 to name just a few.

Despite the classical compression ramp flows having been studied
extensively, the DNS research of compression–decompression corner
flow is still lacking. The DNS study of hypersonic TBL at Mach 6 over
a compression/expansion corner was conducted by Ritos et al.22 They
mainly focused on the acoustic loading, i.e., pressure fluctuations
beneath the interaction region. In their study, similarities and differ-
ences between hypersonic transitional boundary layer at Mach 7.2 with
the compression/expansion corner flow, in the context of acoustic load-
ing, have been drawn. In addition, DNS of STBLI in a compression–
decompression corner flow was effectively carried out by a parallel
algorithm proposed by Xu et al.23 based on the architecture of multiple
graphics processing units (GPU). Although various numerical studies
of the compression–decompression corner flow have been performed,
the shock interaction and expansion processes were usually analyzed
separately; to our knowledge, the investigation of combined interac-
tions involving TBL, shock wave, and expansion wave in the compres-
sion–decompression corner has not been reported.

In this paper, we perform a DNS study of supersonic Mach 2.9
turbulent boundary layer over a compression–decompression corner
of a 24� deflection angle. The incoming flow conditions we use are
similar to those in the experiments of Bookey et al.18 and the DNS of
Wu and Martin.13 Two heights of the decompression corner (DC) are
considered. The DNS data are validated against available experimental
data and other DNS, and the detailed flowfield structures and turbu-
lence statistics are analyzed to explore the essential flow phenomena
taking place in the compression–decompression corner interaction
configuration.

II. COMPUTATIONAL SETUP AND VALIDATION
A. Computational setup

The three-dimensional compressible Navier–Stokes (N–S) equa-
tions in curvilinear coordinates n; g; fð Þ are solved numerically, writ-
ten as follows:

@Q
@t

þ @ F þ F�ð Þ
@n

þ @ Gþ G�ð Þ
@g

þ @ H þ H�ð Þ
@f

¼ 0; (1)

where Q represents the conservative variables; F, G, andH are the con-
vective flux terms in the n; g; f directions, respectively; and F�;G�;H�

are the corresponding viscous flux terms. The N–S equations are non-
dimensionalized with unit reference length and freestream states, that
is, velocity U1, temperature T1, density q1, and dynamic viscosity
l1. The overall flowfield is a perfect gas, and Sutherland’s law is used
to calculate the viscosity coefficient. To close the N–S equations, the
perfect gas state equation is enforced. More detailed formulas on the
governing equation can be found in Tong et al.25

The DNS is performed by using a high-order finite difference
code OpenCFD-SC developed by Li et al.,14,26 and the governing equa-
tions are solved using the WENO-SYMBO scheme,27 with a combina-
tion of absolute and relative limiters,13 and the Steger–Warming
splitting approach for the discretization of the convective flux terms.
An eighth-order central difference scheme is used to compute the vis-
cous flux terms. For STBLI flows, high-order spatial discretization
schemes are necessary to resolve much finer turbulence structures and
capture the separation region accurately.28 After all of the spatial terms
are solved, the third-order Runge–Kutta method is used for time
integration.

Steady laminar boundary layer profiles are imposed at the inlet; a
buff region with a coarse mesh is put in place to eliminate the distur-
bance reflection in the outlet region, and the flow variables are
obtained using two-order downstream extrapolation at the outlet.
Nonreflecting boundary conditions are used at the top boundary, and
periodic boundary conditions are used in the spanwise direction. A
no-slip boundary condition is used, with constant wall temperature
Tw ¼ 307K ðTw=T1 ¼ 2:84Þ at the bottom wall. The fully developed
incoming TBL is generated by the laminar-to-turbulent transition
method used by Pirozzoli et al.29 The same blowing and suction veloc-
ity disturbances are used to promote the transition in our DNS.

B. Flow configuration

Two cases with vertical altitudes between the compression corner
(CC) and DC of 28.47mm (case A) and 8.13mm (case B) are consid-
ered in this paper. Figure 2 gives a sketch of the computational domain
and computational mesh. For both cases, the lengths of the upstream

FIG. 1. A Sketch of compression–decompression STBLI flow.24
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and downstream flat planes are 400 and 50mm, respectively; the verti-
cal distance Ly between the top and bottom boundary of the computa-
tional domain is 50mm; and the spanwise length Lz is 28mm.

As shown in Fig. 2, the mesh has straight and perpendicular lines
in the x and y directions, except for in the near-wall region, where the
grid orthogonality method is applied to achieve the normal mesh lines
perpendicular to the wall surface. In the x direction, the mesh is
smoothly adjusted to enhance resolution before x ¼ �100mm; in the
y direction, the mesh is hyperbolically stretched to increase the resolu-
tion in the wall region; and in the z direction, the mesh is uniformly
distributed. Detailed information on the meshes and domain sizes of
two cases is given in Table I. For the incoming TBL, the mesh resolu-
tions in the x and z directions are 3.75 and 4.2, respectively; in the y
direction, they are 0.45 on the wall surface and 5.8 at the edge of
boundary layer. As Poggie et al.30 suggested, the DNS level has been
met, and the meshes used in our computation are capable of catching
refined structures in the TBL.

C. Validation

Before displaying and discussing the simulation results, the accu-
racy and reliability of the DNS data should be validated. In this section,
two groups of flowfield properties, namely, the incoming TBL and the
interaction region, are compared to available DNS data or experimen-
tal data. In the following analyses, the Reynolds average and density-
weighted average for the general variable u are defined as u ¼ u þ u0

and u ¼ ~u þ u00, respectively, where ~u ¼ qu=q. Note that the over
bar denotes the average in the spanwise and timewise directions.

We first define the reference location at x=dref ¼ �9, following
Wu and Martin.13 Here, dref denotes the thickness of the TBL at the
reference location. Figures 3(a) and 3(b) show the van Driest trans-
formed and original mean velocity profiles at the reference station,
respectively, and Figs. 3(c) and 3(d) show the mean root square profile
of the velocity fluctuation at the reference location. Agreement with
the DNS data of Wu and Martin13 and the experimental data of
Bookey et al.18—which fall under similar incoming conditions—the
compressible TBL DNS data of Pirozzoli et al.,12 and the incompress-
ible TBL DNS data of Wu and Moin31 are shown in Fig. 3 and prove
that the simulation of the undisturbed TBL region is credible. The
properties of the incoming TBL, including the boundary layer

thickness d; displacement thickness d�; momentum thickness h; Mach
number Ma; momentum Reynolds number Reh ¼ q1u1h=l1; wall-
skin frication coefficient Cf ¼ sw=0:5q1U2

1, where sw denotes the
wall shear stress, and incoming flow condition, containing density q1;
streamwise velocity U1; temperature T1, are collected in Table II and
compared to the result of Wu and Martin13 and Bookey et al.18

The power spectral density (PSD) is estimated by applying
Welch’s method with a Hamming window on the wall-pressure signal,
which is decomposed into twelve segments with 50% overlaps. Note
that PSD is a function of x, where x ¼ 2pf is the angular frequency.
The PSD function at the reference location, normalized by wall friction
sw and viscous time units �=u2s , is reported in Fig. 4. A good coinci-
dence with the experimental data of Gravante et al.32 and Farabee and
Casarella33 is achieved in the high-frequency end of the spectrum,
which is dominated by the influence of near-wall motions.34 This
demonstrates that the collected wall-property signals have sufficient
time resolution, and it further supports the reliability of our DNS
results in compressible TBL.

The distributions of the wall-skin friction Cf and the wall-
pressure pw compared to DNS and experimental data of Wu and
Martin13 and Bookey et al.18 are shown in Fig. 5. We observe that the
distribution of Cf between case A and the previous DNS results col-
lapsed in the region of incoming TBL, the separation region, the reat-
tached boundary layer, and the separation point, as well as the
reattachment point. In addition, the distribution of pw between case A
and the previous DNS results is very close, both within 5% of experi-
mental error. In summary, the well-studied compression ramp flow is
reproduced precisely in our compression–decompression corner flow
(case A), verifying the reliability of the results in the interaction region.

III. RESULTS AND DISCUSSION
A. Mean and instantaneous flowfield

The mean wall-skin friction Cf and wall-pressure pw are described
above and are discussed in greater detail in this section. The mean
skin-friction exhibits typical behavior for a separated flow. The length
of the separation region, defined as Lsep ¼ xr � xs, shrinks obviously
in case B relative to case A. The separation point and the reattachment
point displace about 0.4 dref in the downstream direction and 0.27 dref
upstream. In Fig. 5(a), three extreme points are shown in the separa-
tion region, i.e., two minimal points and one maximal point (with the
exception of a maximal point located at x ¼ 0, the result of the discon-
tinuity of the curvature of the wall’s surface), which is associated with
the breathing motion of the separation bubble, as suggested by Priebe
and Martin.15 The same can also be seen for case B, representing a
similarity motion of the separation bubble.

In Fig. 5(b), the mean wall pressure, normalized by the pressure
of the freestream, is constantly increased during the shock interaction

FIG. 2. Sketch of the computational mesh
for case A. The mesh is plotted every 20
and 5 points in the x and y directions,
respectively, for the convenience of
visualization.

TABLE I. Computation domain size and mesh resolution.

Nx � Ny � Nz H (mm) Dx+, (Dyw
+, Dye

+), Dz+

Case A 4000� 256� 300 28.47 3.75, (0.45, 5.8), 4.2
Case B 3400� 256� 300 8.13
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with a plateau inside the separation zone. It is interesting to note that
the wall pressure increases slightly, within 0.5dref downstream of DC
for case B before dropping later to the initial values. The above distri-
bution may imply that the compression wave or shocklet is generated
downstream of expansion fan.

In the remainder of this section, the instantaneous flow structures
are analyzed. The variableDSM is defined as follows:

DSM ¼ 0:8 exp �10 x � xminð Þ= xmax � xminð Þ� �
; (2)

where x ¼ 5 qj j. This is suggested by Wu and Martin13 for plotting a
numerical Schlieren plot. The instantaneous contour plots for DSM
and an illustration of primary flow structures, including a k-shock sys-
tem, expansion waves, and separation bubbles, are presented in Fig. 6.
Note that the range of axes used in case A and case B exhibit a rela-
tively significant difference. For the compression–decompression cor-
ner flow, the incoming TBL is subject to interactions with shock waves
and the expansion fan, and ultimately recovers its equilibrium state
downstream. The entirety of this process is shown in Fig. 6(a), and

TABLE II. Conditions for the incoming turbulent boundary layer.

Ma Reh h (mm) d� (mm) Cf d (mm) q1 (kg/m3) U1 (m/s) T1 (K)

DNS13 2.9 2300 0.38 1.80 0.002 17 6.4 0.077 609.1 107.1
Experiment18 2.9 2400 0.43 2.36 0.002 25 6.7 0.074 604.5 108.1
Present DNS 2.9 2216 0.40 1.97 0.002 29 6.7 0.074 604.5 108.1

FIG. 3. Mean velocity profile at reference
location in inner scaling (a) and outer scal-
ing (b). Root mean square velocity fluctua-
tion intensities at the reference location in
inner scaling (c) and outer scaling (d).

FIG. 4. Power spectral density of the wall-pressure at the reference location, nor-
malized by inner time units and wall friction.
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additional interactions between the expansion waves and the reat-
tached boundary layer are present, with respect to the compression
ramp flow.

First, the typical k-shock system generally observed in the Mach
2.9 24� compression ramp flows appears in the compression–
decompression corner (case A). However, in Fig. 6(b), it is difficult to
distinguish the first portion of the main shock, that is, the angle
between them decreases acutely. The inviscid shock angle decreased
from 43� in case A to 34� in case B. In contrast, the separation shock
in case A results from the turning of the flow at the separation bubble
upstream of the corner at 29�, which agrees accurately with Wu and
Martin,13 increased to 31� in case B.

In Fig. 6, a large-area sub-sonic region is seen downstream from
the separation region, and the sonic lines are immediately close to the
downstream flat plane under acceleration by the expansion fan.
Another obvious phenomenon in Fig. 6(a) is that the height of coher-
ent structures, located downstream of the DC, is greatly increased,
compared to the upstream TBL and reattached boundary layer. In
addition, a sharp shock can be seen in Fig. 6(b), located downstream
from the expansion fan, compressing the over-expansion flow to
match downstream backpressure.

The turbulent coherent vortex structures are visualized using
the Q criterion.35 The iso-surfaces of Q ¼ 1%Qmax are colored with
local streamwise vorticity, with pressure gradient indicated with
gray and that of us ¼ 0 given in black are shown in Fig. 7. This
shows that organized, streamwise-elongated hair-pin vortices
occur intermittently in the upstream TBL, which is consistent with
the findings of Priebe et al.15 and Fang et al.36 Carefully comparing

the downstream recovery boundary layer with the upstream TBL
in Fig. 7(b) indicates that many large-scale vortex structures are
preserved from the upstream reattachment region and are broken
down into small-scale streamwise vortex structures at a further
downstream location. By contrast, these vortex structures occur
only sparsely along the DC in case A, which is similar to the find-
ings of Fang et al.36 and Teramoto et al.,7 which is in the super-
sonic expansion-corner flow. The classic streaky structures from
the supersonic TBL are suppressed dramatically by expansion
waves after they pass through the DC.

Streamwise velocity fluctuations contour map along the x–z
plane, located in linear-layer yþ ¼ 10 and log-layer yþ ¼ 60, are
plotted in Fig. 8. At the near-wall region, we observe the classic
streamwise elongated streaks that occur upstream from the undis-
turbed TBL, and the spanwise distance between two neighboring
low-speed streaks is about Dzþ ¼ 90� 110. In the separation
region and the upstream region of the DC, large-scale streaky
structures with a spanwise length of about 1 dref can be observed in
Fig. 8(a), indicating that the spanwise scale of the velocity fluctua-
tions increased after they passed through the shock interaction
region. Downstream of the DC, large-scale structures evolve
rapidly into elongated streaks running streamwise, with a wider
spanwise length than the upstream TBL, and they break down into
small-scale structures of about 2 dref, which promote near-wall tur-
bulence recovery toward the equilibrium state. However, at the
log-layer, we observe that the difference in turbulence structures
between those upstream and downstream of DC is much smaller
in Fig. 8(b) with respect to the near-wall region.

FIG. 5. Streamwise distributions of wall-
skin friction (a) and wall-pressure (b).

FIG. 6. Instantaneous numerical density schlieren for (a) case A and (b) case B. The pink line denotes the iso-line of us ¼ 0; and the green line denotes the sonic line.
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B. G€ortler vortices

As indicated by Zheltovodov,37 G€ortler vortices are essential and
important phenomena for compression–decompression corner flows.
These structures arise from the instability of boundary layers with suf-
ficiently concave streamwise curvatures, where the interaction among
the centrifugal force, pressure gradient, and viscosity destabilizes the
boundary layer, and the streamwise vortices, termed the G€ortler vorti-
ces, arises as a consequence.38 In 1940, G€ortler showed that a centrifu-
gal instability could occur in boundary layers over curved walls.39

Although G€ortler vortices were first detected in laminar flow, the same
mechanism of instability also occurs in turbulent flows. A number of
experimental observations5,40,41 and numerical simulations5,8,21 have
reported these large-scale streamwise elongated vortices structures in
compression ramp flows. The existence of G€ortler vortices in an inci-
dent shock wave configuration has also been confirmed experimen-
tally.42 It may be that G€ortler vortices are responsible for the
amplification of turbulent fluctuations in the reattachment region, as
well as associated with shock wave low-frequency oscillations.17,21

The G€ortler number GT can be used to estimate the generation of
the G€ortler instability in compressible turbulent flows. As Smits and

Dussauge43 suggested, the G€ortler number GT can be defined as
follows:

GT ¼ h=dð Þ32
0:018 d�=dð Þ

ffiffiffi
d
R

r
; (3)

where the curvature radius R can be calculated via the mean velocity,

R ¼ u2 þ v2ð Þ3=2

u2
@v
@x

� v2
@u
@y

þ uv
@v
@y

� @u
@x

� �� � ; (4)

and the curvature parameter d=R is defined as the ratio of the bound-
ary layer thickness d to the curvature radius R of the streamline.

The distribution of the curvature parameter d=R and the G€ortler
number GT along the two mean flow streamlines 1 passing through
x=dref ¼ �9:0 and y=dref ¼ 0:2, and 2, passing through x=dref
¼ �9:0 and y=dref ¼ 0:6, is plotted in Fig. 9. For both two cases, d=R
and GT reach a peak value near the separation point, an observation
that is consistent with Priebe et al.21 and is much higher than the criti-
cal value of d=R ¼ 0:03 given by Smits and Dussauge43 for Mach 3

FIG. 7. Turbulence coherent vortex struc-
tures in (a) case A and (b) case B visual-
ized with the iso-surface of Q ¼ 1%Qmax ,
colored with the streamwise vorticity. The
shock wave system is visualized with the
iso-surface of pressure gradient, colored
in gray. The recirculation region is visual-
ized with the iso-surface of us ¼ 0, col-
ored in black.
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flow and of GT ¼ 0:6 given by Loginov et al.5 for laminar flows.
Although no specifically critical value for turbulent flow has been
determined, it is reasonable to conjecture that centrifugal instability
mechanisms are likely part of the explanation for the observed stream-
wise vortices in corner flows. We found that the distributions of the
curvature parameter d=R and the G€ortler number GT are very similar
near the separation point and in the reattachment region in the two
cases, revealing the flow similarity between case A and case B in the
region of shock interaction.

The time-averaged streamwise vorticity componentx� in the y–z
plane is presented in Figs. 10–12 to better describe the flow within the
boundary layer. Note that level x� ¼ 0 is deleted to ensure that image
remains comprehensible, andx� is transformed into the direction par-
allel to the wall surface, defined as follows:

x� ¼ xxcosaþ xysina;

xx ¼ @w=@y � @v=@zð Þdref =U1;

xy ¼ @u=@z � @w=@xð Þdref =U1;

(5)

where xx and xy are, respectively, the horizontal and vertical time-
averaged vorticity components in the Cartesian coordinates (x, y, z). a
is the angle between wall surface and horizontal direction. Two loca-
tions are considered in this paper, E1 (x� ¼ �1:0) and E2 (x� ¼ 0:5)
with transformed coordinates via the following formula: x�

¼ ðx � xDCÞ=dref , where xDC denotes the location of DC.
For both cases, the distribution of vorticity x�, located upstream

of DC (E1), is shown in Fig. 10. Counter-rotating vortices can clearly
be seen. The localized regions within the TBL, with alternately appear-
ing positive and negative vortices, can be observed. The distance
between the neighboring positive (negative) regions is about
Dz ¼ 2dref . In general, this further confirms the G€ortler-like vortices
generated in our compression–decompression corner flow, regardless
of the interaction with the downstream expansion fan.With the excep-
tion of the intense vorticity region within the boundary layer, we also

found an intense region located at y=dref < 0:1, with the same alter-
nate pattern, probably the result of high shear, caused by the wall-
bounded decelerating effect.

The distribution of vorticity x�, located downstream of DC (E2),
is shown in Fig. 11. Compared to the upstream distribution (E1), we
found that large-scale roll cells disappear, but near-wall high-vorticity
regions are reserved during the expansion process. That is to say, the
strength of upstream G€ortler vortices is suppressed when they pass
through the expansion fan due to the bulk dilation effect. It is interest-
ing to note in Fig. 12 that new vortices occur in the near-wall high-
vorticity region yþ < 30, with an opposite rotation direction from the
G€ortler vortices. The cores of such vortex structures reside at yþ ¼ 11,
and the spanwise width on inner scales is about zþ ¼ 260. To our
knowledge, the observation as well as generation of such new stream-
wise vortices has not been reported in DNS for compres-
sion–decompression corner flows.

Figures 13 and 14 show the time-averaged streamwise skin-
friction Cfx and spanwise skin-friction Cfz on the wall surface, calcu-
lated via the following formulas:

Cfx ¼
lw

@ ush i
@yn

				
wall

1
2
q1U2

1
and Cfz ¼

lw
@ wh i
@yn

				
wall

1
2
q1U2

1
; (6)

where ush i and wh i denote the time-averaged velocity parallel to the
wall surface and spanwise direction, respectively. yn is the wall normal
direction, lw is the wall dynamic viscosity, and q1 and U1 are the
density and velocity of the freestream, respectively. At the beginning of
the separation region, we observe that the distributions of Cfx are
mainly two-dimensional, and the vectors are parallel to the streamwise
direction. However, in the reattachment region of case A, three-
dimensional characteristics can be seen in Fig. 13(a), and the down-
stream pink line has an approximative sinusoidal waveform shape
along the spanwise direction, with a wavelength of about 2 dref. This

FIG. 8. Streamwise velocity fluctuation
us0 at (a) yþ ¼ 10 and (b) yþ ¼ 60 for
case B.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 065111 (2021); doi: 10.1063/5.0052453 33, 065111-7

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


FIG. 9. Streamline curvature parameter
dref =R and G€ortler number GT along two
mean flow streamlines: [(a) and (b)]
streamline 1 passing through x=dref
¼ �9:0 and y=dref ¼ 0:2, [(c) and (d)]
streamline 2 passing through x=dref
¼ �9:0 and y=dref ¼ 0:6.

FIG. 10. Time-averaged streamwise vorticity x� and velocity vectors in y–z planes at x�¼ −1.0 for (a) case A and (b) case B.

FIG. 11. Time-averaged streamwise vorticity x� and velocity vectors in y–z planes at x�¼ 0.5 for (a) case A and (b) case B.
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phenomenon is also found in the earlier research5,8 on STBLIs flows,
such as in the compression–decompression corner, the compression
ramp, or the incident shock configurations, and it is widely considered
to occur in the presence of G€ortler vortex structures, which promote

the upwash of lower momentum fluids and downwash of higher
momentum fluids, as shown in Fig. 10, leading to skin-friction uneven
distributions in the spanwise direction, this is consistent with the
finding in Ref. 44.

Unlike case A, the distribution of Cfx in Fig. 13(b) reflects only
one pair of G€ortler vortices, reserved in the range of 3mm
< z<17mm. In the remainder of the range, the pink lines are roughly
parallel to the spanwise direction, indicating an absence of G€ortler vor-
tices. In the vicinity of the reattachment, the uneven spanwise distribu-
tions of Cfx can also be found downstream of DC, with an opposite
trend to the upstream region in both cases. Additional details on the
relationship of turbulent fluctuations between the upstream and
downstream DC are given in Sec. IIID.

The distribution for the time-averaged spanwise skin-friction Cfz,
superimposed by four spanwise locations named S1 to S4, is plotted
in Fig. 14. Note that the values of Cfz in the regions of the oblique
ramp (between the black dashed-dotted lines) and slightly down-
stream of DC are much greater than those in the TBL, where Cfz is

FIG. 12. Magnified view of black dashed box in Fig. 11(b) on inner scales. The
white curves denote the streamlines in y–z plane.

FIG. 13. Time-averaged streamwise skin-
friction coefficient Cfx and skin-friction vec-
tors map for (a) case A and (b) case B.
The pink solid and blue dashed lines
denote the iso-lines of time-averaged and
time-spanwise averaged Cfx¼ 0, respec-
tively. The vectors are obtained by stream-
wise and spanwise wall shear stress and
colored according to the angle between
them. The black lines denote the position
of compression–decompression corner.

FIG. 14. Time-averaged spanwise skin-
friction coefficient Cfz for (a) case A and
(b) case B.
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approximately equal to zero. In addition, patterns with alternating
positive and negative values can be observed in the oblique ramp
regions in Fig. 14, which represents the footprint of the G€ortler vorti-
ces. This implies that such structures tend to find stable spanwise loca-
tions; otherwise, time-averaged Cfz should be around zero, resembling
the behavior of TBL. This is consistent with the experimental observa-
tion of G€ortler vortices, visualized by oil flow. The distribution of Cfz

downstream from DC also represents the footprint of the new
backwards-rotate streamwise vortices and further confirms the occur-
rence of such structures. In addition, the survival region is up to 2.3
dref for case A, and 1.4 dref for case B downstream of DC. About the
effect of those vortices on the statistics of flowfield, we think it may be
relatively weak. There are probably two reasons: first, the flow charac-
teristics are dominated by the effect of bulk dilation, and the turbulent
fluctuations are greatly weakened during passing through the decom-
pression corner; second, the strength and size of those vortices is weak
and small. The influenced region is very limited.

The DNS result for the compression–decompression corner flow
(case A) reproduces some primary aspects of STBLI flows, including
the k-shock system, mean wall-property distribution, and G€ortler vor-
tices. In the remainder of the paper, we analyze case B and provide its
detailed flow statistics and turbulent structures.

C. Wall-pressure signature and frequency spectrum

When an incoming TBL is disturbed by the shock wave or a
Prandtl–Meyer expansion wave, the statistics and spectrum character-
istics for turbulent fluctuations located in the nonequilibrium interac-
tion region are significantly affected.45–47 To present the unsteady
motion of the shock wave system and the unsteady features of the
downstream flowfield, the wall-pressure signals at different streamwise
locations are shown in Fig. 15(a). At x=dref ¼ �9, the probe beneath
the undisturbed TBL at the reference location, the signal oscillates
around unity with slight fluctuations. Near the mean separation point
x=dref ¼ �2:8, the signal strolls between 1 and 1.3 are superimposed
over high-frequency turbulent fluctuations. As pointed by Dolling and
Or,48 the wall pressure signal under the moving shock wave structure
is generated by the superposition of the shock-induced fluctuations on
the undisturbed TBL signal. The pressure probe at x� ¼ �1:0 (E1) is
located in the reattachment region upstream of the DC. The wall-
pressure level is increased to 3.3 due to the compression that takes
place along the corner, and the level of fluctuations is increased dra-
matically, which corresponds to intense turbulence convected from

the detached shear layer. At the position x� ¼ 0:5 (E2), which lies
downstream of the DC, the mean wall-pressure value reduced to 1.35.
In addition, the magnitude of fluctuations slightly increased with
respect to the position x=dref ¼ �9, and the relative intense fluctua-
tions generated within the inner layer downstream from the DC can
be confirmed.

The corresponding weighted power spectral density (WPSD) of
wall-pressure signals is shown in Fig. 15(b).WPSD is calculated as fol-
lows: WPSD ¼ f � PSD= Ð PSDdf , where PSD is the power spectral
density and calculated in the same way as the frequency spectrum
shown in Fig. 4. The contour map of WPSD as a function of the
dimensionless frequency Std ¼ f dref =U1 and the streamwise coordi-
nate x=dref is also plotted in Fig. 16 to further illustrate the unsteady
features of the entire interaction region. In Figs. 15(b) and 16,
upstream of the shock-interaction region, such as the reference loca-
tion x=dref ¼ �9, the most energetic frequencies are located about
Std � 1:0 which is a general feature of TBL. Note that near the mean
separation point, highlighted by a black solid line in the figure, we can
observe that the frequency Std � 0:02, which is much lower than the
energetic frequency of TBL Std � 1:0, has much more energy com-
pared with TBL. Although the energy of the low-frequency stage for
case B is weaker than that of the conventional compression corner
flows, it also reflects the low-frequency, unsteady nature of the shock
system in our compression–decompression corner flow. The low-
frequency unsteady motion of the shock wave is a typical feature for
the STBLIs, and its cause remains an open question.2,49

As shown in Fig. 15(b), the energetic frequency of E2 distributes
mainly in the middle-frequency band Std � 0:1, which is greatly lower
than that of E1. We found that at the downstream vicinity of DC, the

FIG. 15. Wall-pressure signals (a) and
corresponding weighted power spectral
density (b) at different streamwise
locations.

FIG. 16. Weighted power spectral density of wall-pressure fluctuation.
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overall distribution of energy tends to a lower frequency in Fig. 16.
Most energy is more uniformly distributed around Std � 0:03� 0:3,
which is consistent with the LES result of Grilli et al.8 for the
compression–decompression corner configuration. In general, this
indicates that the flow characteristics at the downstream vicinity of
DC are dominated by large-scale structures.

D. Statistical characteristics of turbulence fluctuations

To assess the spatial characteristics of the nonequilibrium fluctu-
ating flowfield disturbed by shock waves and by Prandtl–Meyer
expansion waves, two-point correlation analyses are conducted at vari-
ous streamwise locations. The definition employed by Bernardini
et al.45 is also used in this study, defined as follows:

Cpp x;Dx;Dzð Þ ¼ p0 x; 0; z; tð Þp0 x þ Dx; 0; z þ Dz; tð Þ
p0

r:m:s xð Þp0
r:m:s x þ Dxð Þ ; (7)

where Dx and Dz represent the streamwise and spanwise spatial sepa-
rations, respectively, and x is the streamwise target coordinate.

A two-point correlation map for wall-pressure fluctuations at the
reference location is given in Fig. 17. As shown in previous research
on wall-pressure fluctuations in an incompressible or compressible
TBL,32,45,46,50,51 the iso-lines of Cpp are roughly circular at small sepa-
rations, indicating an isotropic state of small-scale pressure fluctua-
tions. At large separations, the iso-lines become elongated in the
spanwise direction, representing a weakly anisotropic nature of the
large-scale structures.45 Our simulation results for TBL are consistent
with the above experimental or DNS data.

The characteristic fluctuating wall-pressure length scales are
increased in both directions, as indicated in Fig. 18. This shows that the
dumbbell-shaped iso-lines take on an elliptic shape upstream of DC,
indicating greater elongation in the streamwise direction. Downstream
of DC, the shapes of the iso-lines at large separations are completely
destroyed under the strong interaction of the expansion fan. In general,
the characteristic distributions of Cpp can be divided into four distinct
sub-zones. Note that the occurrence of three pieces of sub-zones with a
negative two-point correlation up to −0.2 ranged along the positive one
can be seen in Figs. 18(b) and 18(c). For vertical negative cores, this fur-
ther confirms that large-scale streamwise vortices exist on a spanwise
scale of 2 dref. This may also be associated with shocklets or compression
waves that are generated intermittently in the spanwise direction down-
stream of DC. More evidence is needed to support this hypothesis. In
addition, the connection between the downstream and the upstream of
turbulent fluctuations is cutoff by the DC, and the upstream part of the
regions is transformed into a negative sub-zone. The same situation can
be observed in the vertical adjacent regions. Analyses of wall-pressure
signatures reveal the occurrence of a negative corresponding mechanism
to the compression–decompression corner conjugation for wall-pressure
fluctuations between the upstream and downstream of DC.

The probability density functions (PDFs) of the wall-pressure
fluctuations are normalized by their local root mean square (rms), fol-
lowing Dolling and Or,48 at various spatial locations that are shown in
Fig. 19. The standard normal distribution is also given, for reference.
In Fig. 19(a), it is obvious that the PDFs are highly skewed and have a
positive skewness coefficient about 0.4–0.75, regardless of their span-
wise locations upstream of DC. The flatness coefficients at E1 are
around 4.4, much greater than that of the standard normal distribu-
tion, indicating that the G€ortler vortices have a relative effect on inten-
sifying the intermittent of signatures at reattachment region.

FIG. 17. Iso-lines of the two-point correlation Cpp in the x–z plane at the reference
location. Ten equally spaced contour levels are shown, from −0.1 to 0.9 (the zero
iso-line is omitted).

FIG. 18. Iso-lines of the two-point correlation Cpp in x–z plane at x� ¼ �1:0; 0:5; 1:0 in (a)–(c). The negative iso-lines and position of DC are highlighted by dash lines and
black dash dot line, respectively. Note that iso-lines equal to −0.1 and −0.2 are added (compare to Fig. 17).
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Downstream of DC, the distribution of the PDFs becomes more
symmetrical, but a weak skew can be observed in Fig. 20(b), with an
inverse skewness coefficient of about −0.17 against upstream distribu-
tion except S4. Further evidence is provided to support the so-called
negative corresponding mechanism mentioned above. Additionally,
the flatness coefficients at E2 are around 2.9, which are quite close to
that of the standard normal distribution, reflecting the weakness on
large-scale turbulent fluctuations during the expansion process.

The overall sound pressure level (SPL) is a representative quan-
tity used to assess acoustic loading. It can be obtained by transforming
the pressure fluctuations, SPL ¼ 20 log10 prms

0 =p0

 �

dB, where
p0 ¼ 20lPa. Drawing on the distribution of SPL given in Fig. 20, it is
found that the intense-loading areas are largely reattached boundary
layers and mean shock wave regions, which agrees well with the
numerical study in the compression–decompression corner by Ritos
et al.22 It is interesting to note a relatively intense loading region origi-
nates from the DC point, and this is highlighted by the green line, indi-
cating the occurrence of shocklets or compression waves. Therefore,
pressure fluctuations suffer the series intensification-relaxation-
intensification when passing through the DC, and they ultimately
recover to the same level of TBL.

In Fig. 21, the instantaneous pressure gradients at four spanwise
locations are shown to indicate the tiny shocklet structures located
downstream of DC. For better visualization, a set of relatively high
contour levels is selected to reduce the number of compression waves
detected within the boundary layer. The occurrence of intense com-
pression in the separated shear layer and the shock wave can be seen

in Fig. 21, and the number of shocklets located in the narrow area
between shock wave and shear layer also can be observed.

Shocklets radiating from the DC occur simultaneously in the S1
and S3 planes, corresponding to a region of high-level fluctuation
intensity shown in Fig. 20. These unexpected structures are separated
by a spanwise distance of about 2 dref, consistent with upstream
incoming G€ortler vortices, which may be due to the high-speed flow
downwash, also caused by G€ortler vortices, before it passes through
the DC. In addition, the structures are responsible for a negative
two-point correlation in the spanwise direction (Fig. 18), and the
low-frequency energy increased in the weighted PSD map (Fig. 16).
Small-scale streamwise vortex structures located close to the wall
downstream of the DC can be actuated due to the spanwise pressure
gradient.

IV. CONCLUSIONS

In this paper, a DNS study of a Mach 2.9 STBLI flow in the 24�

compression–decompression corner was carried out. Vertical altitudes
H=dref equal to 4.25 and 1.22 between the CC and the DC were con-
sidered. For the greater case, the statistics of the wall properties (i.e.,
mean pressure distribution, skin-friction distribution, and skin-
friction vectors), the k-shock system, and G€ortler vortices are the same
as those for the typical compression ramp flow. In the shorter case, a
smaller separation bubble and slightly higher-frequency shock motion
is found. Further, the centrifuge instability mechanism within the
shock interaction region is completely reserved, resulting in the gener-
ation of G€ortler vortices and three-dimensional characteristics in the

FIG. 19. PDFs for the wall-pressure fluc-
tuations at (a) E1 and (b) E2. The red
delta, green diamond, blue circle, and pink
left triangle represent S1, S2, S3, and S4,
respectively.

FIG. 20. Contour plot for sound pressure
levels for case B. Blue line denotes mean
sonic line.
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downstream attachment region, whereas a convex streamline curva-
ture through the expansion fan as well as bulk dilatation effect at the
DC dramatically weakened those large-scale vortices.

In the shorter case, the additional shocklet structures, closely con-
nected with upstream G€ortler vortices were found downstream of the
expansion fan. PSD analyses indicate the low-frequency nature of such
structures, much lower than the energetic frequency in TBL. In addi-
tion, an intermittent distribution of the shocklets along the spanwise
direction can also be observed. Therefore, newer streamwise vortex
pairs were promoted by the spanwise differential pressure.

PDF and two-point correlation analyses revealed a negative signal
responding mechanism occurring in the downstream portion of com-
pression–decompression corner flows although the detailed dynamics
principle between upstream and downstream turbulence of DC
requires further investigations. Conducting further in-depth research
of this kind would be worthwhile.
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